Purkinje cell degeneration (pcd) was first identified in a spontaneous mouse mutant showing cerebellar ataxia. In addition to cerebellar Purkinje cells (PCs), retinal photoreceptors, mitral cells in the olfactory bulb, and a discrete subpopulation of thalamic neurons also degenerate in the mutant brains. The gene responsible for the pcd mutant is Nna1, also known as ATP/GTP binding protein 1 or cytosolic carboxypeptidase-like 1, which encodes a zinc carboxypeptidase protein. To investigate pathogenesis of the pcd mutation in detail, we generated a conditional Nna1 allele targeting the carboxypeptidase domain at C-terminus. After Cre recombination and heterozygous crossing, we generated Nna1 knockout (KO) mice and found that the Nna1 KO mice began to show cerebellar ataxia at postnatal day 20 (P20). Most PCs degenerated until 4-week-old, except lobule X. Activated microglia and astrocytes were also observed in the Nna1 KO cerebellum. In the mutant brain, the Nna1 mRNA level was dramatically reduced, suggesting that nonsense-mediated mRNA decay occurs in it. Since the Nna1 protein acts as a de-glutamatase on the Cterminus of a-tubulin and b-tubulin, increased polyglutamylated tubulin was detected in the Nna1 KO cerebellum. In addition, the endoplasmic reticulum stress marker, C/EBP homologous protein (CHOP), was up-regulated in the mutant PCs. We report the generation of a functional Nna1 conditional allele and possible mechanisms of PC death in the Nna1 KO in the cerebellum.
Purkinje cell degeneration (pcd) is spontaneous in mutant mice showing progressive ataxic behavior in an autosomal recessive manner (Mullen et al. 1976) . It is reported that the onset of cerebellar ataxia correlates with degeneration of cerebellar Purkinje cells (PCs). The loss of PCs takes place around postnatal day 17 (P17), and degeneration of the cerebellar granule cells, neurons in the deep cerebellar nuclei, and neurons in the inferior olive occur around P45 (Ghetti et al. 1987; Landis and Mullen 1978) . Moreover, retinal photoreceptors (LaVail et al. 1982; Marchena et al. 2011) , mitral cells of the olfactory bulb (Greer and Shepherd 1982) , and a discrete subpopulation of thalamic neurons (O'Gorman and Sidman 1985) also undergo degeneration in the mutant central nervous system (CNS). Besides ataxia, pcd mutant mice show male infertility due to defective spermatogenesis (Kim et al. 2011; Mullen et al. 1976; Zhou et al. 2006) . The causative gene for pcd mutation is Nna1, also known as ATP/ GTP binding protein 1 (Agtpbp1), cytosolic carboxypeptidase-like 1 (CCP1), or aka (Wang and Morgan 2007) . Nearly 20 Nna1 mutant alleles have been reported as spontaneous mutant alleles [Agtpbp1 pcd (Mullen et al. 1976 ), Agtpbp1 (Krulewski et al. 1989) ]. The mouse Nna1 gene encodes a 1218 amino acid (aa) protein, with multiple domains: a predicted zinc carboxypeptidase (CP) domain at the C-terminus (843-1013 aa) and two nuclear localization signals (NLS) in the Nand C-terminal regions (144-151 aa and 996-1016 aa) (Chakrabarti et al. 2008; Harris et al. 2000; Wang and Morgan 2007) . There are key residues related to the CP activity: position 810-817 an ATP/GTP binding site, and position 912-915 a zinc-binding site (Chakrabarti et al. 2008) . Using a DNA homology search, five additional homologous genes exist in mouse and human genomes (Kalinina et al. 2007 ). Alignment of these homologous genes revealed that they share homology in the CP catalytic domain structure. Since cytosolic distribution is suggested to these five novel Nna1 homologs, this subfamily is referred to as cytosolic carboxypeptidases (CCP). Nna1 was renamed as CCP1, whereas the others were numbered from CCP2 to CCP6. In fact, Nna1 was found to be both cytosolic and nuclear when expressed as a fusion protein with green fluorescent protein (Harris et al. 2000) . One function of these CCPs (CCP1, CCP4, and CCP6) is posttranslational modification of tubulin. Nna1 catalyzes the shortening of polyglutamate chains in the C-terminus of atubulin and b-tubulin (Berezniuk et al. 2012; Wu et al. 2015) . The cytosolic function of Nna1 is directly linked to neurodegeneration because PC degeneration is prevented by knockdown of the tubulin tyrosine ligase-like 1 (TTLL1) gene expression, which extends polyglutamate chains of tubulin (Rogowski et al. 2010) . Nna1 has also been hypothesized to function in the nucleus, and it is involved in processing nuclear factors needed for neuronal regeneration and survival (Harris et al. 2000) .
Among phenotypes in pcd mice, the cerebellar phenotype has been primarily investigated in detail. As early as P15, pcd mutant mice can be distinguished from their heterozygous and wild-type littermates by metachromatic staining in the PC soma (Landis and Mullen 1978) . The observations by electron microscopy corroborate that this staining is due to abnormal accumulation or retention of polysomes in the basal region of the soma, which was used to identify pcd mice at P15 prior to the onset of ataxia and PC degeneration (Landis and Mullen 1978) . The pcd mouse is characterized by the onset of locomotor deficits, which correlates with the degeneration of PCs that begins around P18 and progresses rapidly over a 2-week period (Mullen et al. 1976) , The loss of PCs is thought to cause the secondary degeneration of neurons connected to PCs: cerebellar granule cells, neurons in the deep cerebellar nuclei, and neurons in the precerebellar nuclei including the inferior olivary complex (Harris et al. 2000; Zhou et al. 2006) . The pcd mutants have almost normal longevity (more than 1 year), which provides a unique opportunity to investigate the vulnerability of Nna1-expressing neurons and secondary neuronal cell death.
Nna1 is suggested to be involved in some types of neurological diseases. Recently, one missense mutation of the sheep Agtpbp1 gene associated with motor neuron disease was identified and resulted in an arginine to proline substitution (p.Arg970Pro) in a conserved residue for catalytic activity (Zhao et al. 2012) . Up-regulated expression of Nna1 is also reported in spinal motor neurons undergoing axon regeneration following axotomy (Harris et al. 2000; Kalinina et al. 2007) . By bioinformatic analysis, Nna1 is identified as a co-expressed factor with C9ORF72 and as a C9ORF72-interacting protein (Kitano et al. 2015) . The C9ORF72 gene is the most common genetic abnormality for familial and sporadic amyotrophic lateral sclerosis and frontotemporal dementia. All these reports raise an interesting possibility that human Nna1 mutation also causes a variety of neurological diseases.
In order to further to investigate cell-autonomous and noncell-autonomous effects of the Nna1 deficiency during pcd pathogenesis, the conditional Nna1 allele is an essential tool. Therefore, we generated a novel Nna1 conditional allele (Nna1 fl ), in which two loxP sites were inserted upstream of exon 21 and downstream of exon 22 encoding a part of the CP domain. Cre recombination of the mutant allele (Nna1 fl ) resulted in deletion of exon 21 and exon 22, and a frame shift within the CP domain. These are referred to as Nna1 DEx21,22 allele, and the Nna1 KO mice (Nna1 DEx21,22/DEx21,22 mice) showed cerebellar ataxia. Here we performed behavioral, neuropathological, and biochemical analyses of the Nna1 KO mice.
Materials and methods

Construction of the Nna1 conditional allele
A bacterial artificial chromosome (BAC) clone containing the Nna1 gene (RP-23-119N9) was used to construct targeting vectors. The nucleotide sequence of the mouse genome was obtained from the National Center for Biotechnology Information (NCBI; Genbank accession number: NC_000079) to construct the Nna1-targeting vector, the 5 0 homology arm of 7.26 kb (62347-69613; the nucleotide residues from the mouse BAC clone are numbered in the 5 0 to 3 0 direction, beginning with the A of ATG, the initiation site of translation in Nna1, which refers to position +1, and the preceding residues are indicated by negative numbers) and 3 0 homology arm of 7.18 kb (70831-78011) from the BAC clone were subcloned into the pD5UE-2 L4-R1 and pD3DE-2 R2-L3 vectors (Invitrogen, Carlsbad, CA, USA), respectively, using a counter-selection BAC modification kit (Gene Bridges, Dresden, Germany In case, any signs were observed, they were excluded from further participation and treated appropriately according to the approved protocol. The mice used in this study were 3-50 weeks old and 8-29 g body weight unless otherwise indicated. Time-point of each experiment was described in each result. No randomization was performed in this study.
Genotyping PCR
Genotyping by PCR was performed as follows. Genomic DNA was extracted from the tips of tails from wild-type and Nna1 mutant mice: the tail tissues were incubated with 0.025 N NaOH and 2 mM EDTA for 30 min at 100°C, and then mixed with an equal volume of 40 mM Tris-HCl (pH 8.0) at around 20°C. The extracted DNA was used as a template for the PCR reaction using the Nna1-KO-F and Nna1-KO-R primers (Table 1) . PCR was performed using 
Quick Taq HS Dye Mix (Toyobo, Osaka, Japan) under the following PCR conditions: 95°C for 30 s, 30 cycles of 95°C for 10 s, 60°C for 30 s, and 72°C for 30 s, followed by 72°C for 60 s. The PCR products were separated by agarose gel electrophoresis to identify the DNA bands, 1,050 bp and 560 bp, which are amplified from the wild-type allele and Nna1 KO allele, respectively.
Behavior tests
Foot print test: Ink-painting the hind paws was performed on mice, and then they were allowed to walk on a white paper. Rotarod test: Motor coordination and balance were assessed using the rotarod test. The rotarod test was conducted using an accelerating rotarod apparatus (UGO Basile, Comerio-Varese, Italy), as previously described (Horie et al. 2016) . Mice (n = 10 animals per group) were placed on a rotating drum, and the latency to fall was recorded with a 300 s cutoff. The speed of the drum was accelerated from 4 to 40 rpm over a 5-min period. The mice were given three trials per day for three consecutive days.
Balance beam test: The balance beam test was used to examine the ability of the animal (Okubo et al. 2017 ) to remain and walk on an elevated balance beam (diameter: 10 mm, O'hara & Co., Tokyo, Japan). Mice (n = 10) were placed on the balance beam, and foot faults (slips) were scored while the beam was traversed. A dark box or home cage was placed at the end of the beam as a reinforcer.
Grip strength test: A grip strength meter (O'hara & Co.) was used to assess forelimb grip strength. Mice (n = 10) were lifted and held by their tail so that their forepaws could grasp a wire grid. The mice were then gently pulled backward by the tail with their posture parallel to the surface of the table until they released the grid. The peak force applied by the forelimbs of the mouse was recorded in Newton (N). Each mouse was tested six times, and the greatest value measured was used for statistical analysis.
Wire hang test: A wire hang test apparatus (O'hara & Co.) was used to assess balance and grip strength. The apparatus consists of a box (21.5 9 22 9 23 cm) and a wire mesh grid (10 9 10 cm) on the top, which can be inverted. Mice (n = 10) were placed on a wire mesh, which was then inverted so that the subject gripped the wire. Latency to fall (s) was recorded with a 60 s cutoff time. Latency to fall was measured and averaged from six consecutive trials with 5 min intervals between trials.
Timeframe for the behavioral assessments was shown in Table 2 . For behavioral studies, the number of animals used was determined from a previous study (Pan et al. 2018) , where an effect on behavioral outcomes was detected. Since Nna1 KO mice showed obvious cerebellar ataxia after onset of the pcd phenotype, no blinding was performed for behavior tests.
Western blotting
Under deep pentobarbital anesthesia (100 mg/kg intraperitoneal injection), the cortex, cerebellum, and hippocampi were dissected, homogenized using a Potter homogenizer at 1000 rpm with a motoroperated Teflon-glass homogenizer (0.25 mm clearance) in 10 times the tissue volume of ice-cold homogenization buffer (0.32 M sucrose, 5 mM EDTA, 5 mM HEPES-NaOH, pH 7.4, complete protease inhibitor cocktail tablet; Roche, Mannheim, Germany), and centrifuged at 1000 g for 10 min. The protein concentration was determined using the bicinchoninic acid Protein Assay Reagent (Thermo Fisher Scientific Inc.). Homogenates were mixed with an equal volume of 2 9 sodium dodecyl sulfate (SDS) sample buffer (63 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 0.002% bromophenol blue) and denatured in the presence of 100 mM dithiothreitol at 100°C for 5 min. Proteins were separated using SDS-polyacrylamide gel electrophoresis (15% SDS-PAGE gel), and electroblotted onto an Immobilon-P transfer membrane (Millipore, Billerica, MA, USA). After blocking with 5% skim milk for 60 min, blotted membranes were incubated with the following primary antibodies (1 lg/mL): rabbit polyclonal anti-Nna1 antibody (antigen: 1188-1218 aa, generated by Masahiko Watanabe, Hokkaido University); rabbit polyclonal anti-Nna1 (RRID:AB_2225559; 1 : 1000 rabbit polyclonal, Proteintech, Chicago, IL, USA), which recognizes 837-1186 aa of mouse Nna1; mouse monoclonal antipolyglutamylated tubulin (RRID:AB_477598; clone B3, SigmaAldrich, St. Louis, MO, USA), which recognizes the C-terminal region of a-tubulin and b-tubulin; mouse monoclonal anti-a-tubulin (RRID:AB_1904178; DM1A, Cell Signaling Technology), mouse monoclonal anti-b-tubulin (Cat.#011-25034; clone 10G10, 1 : 1000, WAKO), rabbit monoclonal anti-LC3A/B (RRID: AB_2728823; clone D3U4C, 1 : 1000, Cell Signaling Technology), rabbit polyclonal anti-LC3A/B (Cat.#2775, 1 : 1000, Cell Signaling Technology), guinea pig polyclonal anti-p62 antibody (RRID: AB_2687531, Cat.#GP62-C, 1 : 1000, PROGEN, Heidelberg, Germany), mouse monoclonal anti-actin antibody (RRID: AB_2223041; clone C4, 1 : 2000, Merck Millipore) and mouse monoclonal anti-GAPDH antibody (RRID:AB_2107445, Cat.#-MAB374, 1 : 1000, Merck Millipore). Each of the first antibody listed above were incubated overnight at 4°C. Then membranes were incubated with peroxidase-conjugated secondary antibodies for 1 h at around 20°C: anti-rabbit immunoglobulin G (IgG) (RRID: AB_2099233; Cat.#7074, 1 : 2000, Cell Signaling Technology), anti-mouse IgG (RRID:AB_330924; Cat.#7076, 1 : 2000, Cell Signaling Technology) or anti-guinea pig IgG (Cat.#P0141, 1 : 1000, Dako Cytomation, Denmark). Tris-buffered saline (10 mM Tris-HCl, pH 7.5, 150 mM NaCl) containing 0.1% Tween-20 was used as the dilution medium and washing buffer. Immunoreactions were visualized by ECL (GE Healthcare, Piscataway Township, NJ, USA) and a luminescence image analyzer (LAS-4000 mini, GE Healthcare or C-Digit, LI-COR). Signal intensities from immunoreacted bands were determined by The wild-type mice and Nna1 KO mice at 2-month-old (n = 10 animals per group) underwent a series of behavioral studies such as Foot print test, Grip strength test, balance beam test and Rotarod test, prior to the end point studies (i.e., histological studies and western blotting). The behavioral tests were started at 2PM. The same 10 mice were used and no animal was excluded in the behavioral assessments. densitometric measurement using ImageJ software (National Institutes of Health, MD, USA) and normalized compared with actin, GAPDH or b-tubulin signal intensities.
Histology Under deep pentobarbital anesthesia (100 mg/kg intraperitoneal injection), mice were fixed by transcardial perfusion with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2). After excision from the skull, brains, eyes from male and female mice and tests from male mice were further post-fixed overnight and embedded in paraffin wax. Ten-micrometer paraffin sections were cut and mounted on MAS-coated slide glass (Matsunami, Osaka, Japan) using rotation microtome (RM2245, Leica Biosystems).
Immunohistochemistry (IHC) was performed on paraffin sections as previously described (Horie et al. 2016) . Briefly, deparaffinized sections were immersed in 10 mM citrate buffer, pH6.0, boiled in a microwave oven for 5 min and then cooled to 20°C. Sections were incubated overnight at 4°C with the primary antibodies diluted with 0.5% skim milk/phosphate-buffered saline (PBS), rinsed in distilled water for 15 min, incubated with peroxidase-labeled secondary antibodies for 1 h at 37°C, and rinsed in distilled water for 15 min. Immunoreactivity was visualized in 50 mM Tris buffer, pH7.4, containing 0.01% diaminobenzidine tetrahydrochloride and 0.01% hydrogen peroxide for 5-15 min at 37°C.
We used the following antibodies and dilutions: mouse monoclonal anti-Calbindin D-28k antibody (RRID:AB_10000347; CB300, 1 : 10000, Swant, Belinzona, Switzerland), rabbit monoclonal anti-cleaved Caspase-3 antibody (RRID:AB_2070042; 5A1E, 1 : 800, Cell Signaling Technology), rat monoclonal anti-proteolipid protein antibody (AA3, 1 : 50, Yamamura et al. 1991) , goat polyclonal anti-VGluT2 antibody (RRID:AB_2571620; 1 : 200, Frontier Institute Co.), rabbit polyclonal anti-Olig2 antibody (Cat.#18953, 1 : 500, IBL, Gunma, Japan), rabbit polyclonal antiglial fibrillary acidic protein antibody (RRID:AB_10013382; Z0334, 1 : 1000, Dako; Cat.#442251 1 : 10, Nichirei Biosciences Inc., Tokyo, Japan), rabbit polyclonal anti-Iba1 antibody (RRID: AB_839504; 1 : 500, Wako, Osaka, Japan), rabbit monoclonal antiCD11b (also known as Integrin alpha M) antibody (RRID: AB_2650514; EPR1344, 1 : 5000, Abcam, Cambridge, UK), and peroxidase-labeled secondary antibodies, goat anti-rabbit IgG antibody (Cat. In situ hybridization (ISH) was performed on paraffin sections as previously described (Horie et al. 2016; Takebayashi et al. 2000) . Briefly, deparaffinized sections were rehydrated in 0.01 M PBS and treated with 1 lg/mL proteinase K in Tris-based buffer (50 mM Tris-HCl, pH 7.6, 5 mM EDTA) for 30-60 min, and then rinsed in 0.01 M PBS. After fixation in 4% paraformaldehyde in 0.01 M PBS and acetylation in 0.1 M triethanolamine, pH 8.0, containing 0.25% acetic anhydride for 10 min, sections were pre-hybridized at 65°C for 3 h with a hybridization solution: 50% formamide, 5 9 saline sodium citrate (SSC) (1 9 SSC is 0.15M NaCl, 0.015 M sodium citrate in diethyl pyrocarbonate-treated water), 0.2 mg/mL yeast tRNA, 0.1 mg/mL heparin, 1 9 Denhardt's solution, 0.2% Tween20, 0.1% 3-[(3-chol-amidopropyl) dimethylammonio] propane sulfonate (CHAPS), and 5 mM EDTA. Sections were then incubated with a hybridization solution containing diluted digoxigenin-labeled RNA probe at 65°C overnight. Hybridized sections were washed three times with 1 9 SSC and 50% formamide at 65°C for 15 min (wash I) and 30 min (wash II), and with 0.1 9 SSC at 65°C for 30 min (wash III). Sections were washed in two changes of maleic acid buffer (0.1 M maleic acid, pH 7.5, 0.15 M NaCl and 0.1% Tween 20) for 30 min at around 20°C and incubated with alkaline phosphatase-conjugated sheep anti-digoxigenin antibody (RRID: AB_514497, 1 : 2000, Roche Diagnostics, Manheim, Germany) overnight at 4°C. They were then washed in three changes of maleic acid buffer for 30 min each, and incubated with the color development solution [50 lg/ mL 4-nitro blue tetrazolium chloride (Roche Diagnostics) and 175 lg/mL 5-bromo-4-chloro-3-indolyl-phosphate (Roche Diagnostics)] in alkaline phosphatase buffer (0.1 M Tris-HCl, pH 9.5, 0.05 M MgCl 2 , 0.1 M NaCl and 0.1% Tween 20) for 3-10 h in the dark. The following mouse probes were used: Nna1-N (Ex 2-10), Nna1-C (Ex 17-23), CHOP (also known as Ddit3, Ikeda et al. 2018) , and Glast (also known as Slc1a3, plasmid was kind gift from Dr Koichi Tanaka). Primers used for PCR cloning of Nna1 probes are listed in Table 1 .
Light microscopic images were taken using a microscope (BX53, Olympus) connected to a CCD camera (DP72 or DP74; Olympus).
Quantification and statistical analysis
Results were presented as means AE SEM (standard error of the mean). Data analyses were performed using SPSS Statistics software v22.0 (IBM, Armonk, NY, USA) or PRISM (for western blotting data, GraphPad Software, San Diego, CA, USA). For western blotting, statistical analyses were performed using two tailed, one-sample t-test. For mouse behavior tests, statistical analyses were performed using Student's t test, a one-way ANOVA (analysis of variance) and Tukey post hoc analysis. Normality was checked with the Kolmogorov-Smirnov test. Mann-Whitney U test was used for quantification of the number of positive cells in histological analyses. Statistical significance was set at a value of p < 0.05. Sample calculation and test for outliers were not performed.
Results
Generation and characterization of the Nna1 KO mice
Since different homozygous mutations in the mouse Nna1 gene display the pcd phenotype, and the phenotype was rescued by transgenic expression of the normal Nna1 gene (Wang et al. 2006 ), these observations have established that the loss-of-function of Nna1 is causative for the pcd mutant (Chakrabarti et al. 2008; Fernandez-Gonzalez et al. 2002) . Homology analysis of the Nna1 protein sequence revealed the presence of multiple protein motifs and domains (Chakrabarti et al. 2006 ): The C-terminus of the CP domain contains a homologous region to the aspartoacylase sequence, which is encoded by exon 21 and exon 22 (Fig. S1 ). To generate a conditional Nna1 allele, we designed a flox-type targeting vector flanking exon 21 and exon 22 (Fig. 1a) and identified the targeted ES cell by Southern blot analysis (Fig. 1b) . By crossing flox mice with Actb-iCre knock-in mice, the Nna1 null allele (Nna1 DEx21, 22 ) was generated, and the homozygous KO mice (Nna1 DEx21, 22/ DEx21, 22 ) were obtained by crossing heterozygous pairs. The first offspring were identified by Southern blot or genotyping PCR (Fig. 1c) . The mouse Nna1 transcript encodes a 1218 aa protein (Harris et al. 2000) according to the amino acid sequenced from full-length mouse Nna1 (Wang and Morgan 2007) . Two types of anti-Nna1 antibodies raised against the C-terminus (837-1186 aa and 1188-1218 aa) were used for western blot analysis. These antibodies detected several Nna1 bands in wild-type brains but not in Nna1 KO mice (Fig. 1d) . To detect Nna1 mRNA expression in brain sections, ISH was performed using two non-overlapping Nna1 probes: An N-terminal probe (Nna1-N) against exon 2 to exon 10 and a C-terminal probe (Nna1-C) against the exon 17 to exon 23. Both probes detected intense signals in wildtype cerebella but only had weak signals in Nna1 KO cerebella (Fig. S1b) indicating that the Nna1 mRNA is degraded through nonsense-mediated mRNA decay (NMD, Brogna et al. 2016) .
Cerebellar ataxia
Nna1 KO mice have a smaller body size than wild-type mice at P14 and become significant at 8 weeks old (Fig. 2a) . A subtle, but abnormal movement of the body and limbs became distinguishable upon careful observation of Nna1 KO mice at~P21 (sMovie 1). Ataxic gait became apparent from 4-week-old. Figure 2b shows the footprints of the hind paws recorded in 4-week-old mice, in which the distance between adjacent footprints is narrower in the Nna1 KO mice than in the wild-type mice (wild-type: 7.6 AE 0.37 cm, Nna1 KO: 3.6 AE 0.14 cm, p < 0.01), and the irregular alignment of footsteps was evident in the Nna1 KO mice. The rotarod test showed that wild-type mice could stay on the rotating rod for more than 180 s on the first day, and retention time gradually increased in the following days. In contrast, Nna1 KO mice showed severe and significant impairment in the rotating rod test, and some of them could not stay on the rod for 5 s (Fig. 2c) . Using the balance beam test, Nna1 KO mice (9.2 AE 0.62 times) showed significantly higher falling frequency compared with wild-type mice (1.7 AE 0.48 times, p < 0.01) (Fig. 2d) . The grip strength in Nna1 KO mice was approximately 40% compared with wild-type mice (Fig. 2e) In the wire hang test, the time to fall in Nna1 KO mice (18.7 AE 7.2 s) was significantly shorter compared with their wild-type littermates (181 AE 26.1 s, p < 0.01) (Fig. 2f) suggesting that the neuromuscular strength of Nna1 KO mice was severely reduced.
Cerebellar atrophy
Next, we analyzed the morphological abnormalities in the Nna1 KO cerebellum. We found that the cerebellum of Nna1 KO mice was smaller compared with wild-type mice at 3-week-old (Fig. 3a) . Cerebellar atrophy was obvious in 1-year-old brain (Fig. S2) . In parasagittal sections of the 4-week-old Nna1 KO brain, each folium had distinct cortical layers with the white matter inside (Fig. 3b and c) . However, observation under a higher magnification revealed a loss of PCs and thinning of the molecular layers in 4-week-old Nna1 KO mice ( Fig. 3d and e) . Calbindin D-28k IHC also showed an apparent reduction of PCs in number ( Fig. 3f-i) . Axons of PCs showed spheroid formation in the Nna1 KO medulla (Fig. 3i ). There were many remaining PCs in lobule X at this stage compared with the other lobules (Fig. 3g) . IHC for vGluT2, a marker for the climbing fiber terminal, showed atrophied arborization of climbing fibers (Fig. 3j and k) .
Pathological analyses on the CNS
In order to investigate phenotypes of cerebellar circuit and other CNS region in the Nna1 KO mice, histological analyses were performed on cerebellar cortex, deep cerebellar nucleus, inferior olive nucleus, olfactory bulb and retina. First, we performed IHC for cleaved caspase-3, which is the major death executor caspase, and found that cleaved caspase-3-positive cells were found in the granule cell layer at 5-weekold ( Fig. 4a-f) , At 2-week-old, we did not observe cleaved caspase-3-positive cells ( Fig. S3c and d Sagittal sections stained by H&E for cerebellum at 4-week-old (n = 3 animals in each genotype). Note that the Nna1 KO mice have smaller cerebellum, however, folia formation is intact (c), compared to wildtype (b). High magnification (d and e) showed apparent loss of PCs and atrophy of the molecular cell layer (ML, arrows) in Nna1 KO mice (e). (f-i) Calbindin D-28k immunohistochemistry (IHC) in the cerebellum at 4-week-old (n = 3 animals in each genotype). Dendrites of PC were observed in the molecular layer and axons of PCs were observed mainly in cerebellar medulla. Loss of PCs is observed as 'gaps' of staining in the Nna1 KO cerebellum (g). Lobule X was indicated by red arrow (g). High magnification of rectangles in the lobule IX showed only a few PCs were observed in the Nna1 KO mice and spheroid bodies were also observed in the medulla (i). (j, k) VGluT2 IHC in the lobule IX of cerebellum at 4-weekold (n = 3 animals in each genotype). Climbing fiber from inferior olive nuclei form VGluT2 positive terminal on PCs (j). VGluT2 signals in the molecular layer (ML) decreased in the Nna1 KO mice (k). Scale bars: 0.5 mm in (b, c, f, g). Scale bars: 50 lm in (d, e, h, i, j, k).
Nna1 KO by Calbindin D-28K IHC (Fig. 3a and b) , which is consistent to previous report (Li et al. 2010) . Also a lot of cleaved-caspase-3-positive cells was observed in the cerebellar nucleus, which is the target of PC axons at 5-week-old (Fig. 4a, b, e and f) . It is of note that activation of caspase-3 signaling in neuron is not only for apoptosis (D'Amelio et al. 2010) . In the inferior olive nucleus, which send climbing fibers to PCs, decreased number of calbindin D-28k-positive neurons was observed in the Nna1 KO mice compared with wild-type mice at 5-week-old ( Fig. 4g-i) . In the olfactory bulb, cleaved-caspase-3-positive cells were observed in the granule cell layer at 5-week-old (Fig. 4k-n) . In retina, significant reduction in photoreceptor cells in the outer nuclear layer (ONL) was observed in the Nna1 KO mice, compared with wild-type mice at 7-week-old ( Fig. 4o-r) . Small number of cleaved-caspase-3-positive cells was detected in the ONL of Nna1 KO mice (Fig. 4s and t,  arrowhead) .
Glial cell responses
It is possible that PC degeneration induces phagocytosis of dying neurons by microglia. To test this, we investigated the distribution and morphology of microglia using two antibodies, Iba1 and CD11b. In Nna1 KO mice, the morphology of microglia showed hypertrophy of cell bodies and thickening of their processes in the cerebellar cortex and medulla, these activated microglia were located in the Purkinje cell layer of 4-week-old mice ( Fig. 5a and b) and up-regulated expression of CD11b ( Fig. 5c and d) , a component of complement receptor, was involved in phagocytosis (Brown and Neher 2014) . Activated astrocytes are also observed mainly in the PC layer and the white matter, judging from glial fibrillary acidic protein IHC at 4-week-old ( Fig. S4a and  b) . Since Glast expression in the Bergmann glia is reduced ( Fig. S4c and d) , it suggests functional change of the glial cells. Proteolipid protein IHC indicated that disorganized distribution of myelinated axons in the granule cell layer and medulla of Nna1 KO cerebellum ( Fig. S5a and b) . CC-1 and Olig2, mature oligodendrocyte marker and oligodendorcyte lineage marker from progenitor stage, respectively, were also up-regulated in the granule cell layer and medulla of Nna1 KO cerebellum ( Fig. S5c and d) .
Increased polyglutamylated tubulin and ER-stress Post-translational modifications of tubulin are evolutionarily conserved and thought to control the microtubule-based function in cells. Polyglutamylation is one of the posttranslational modifications of tubulin generating glutamate side chains (Edd e et al. 1990; Janke et al. 2008; Regnard et al. 2000; Rudiger et al. 1992) . Since Nna1 is involved in the removal of glutamates from tubulin and other substrates, the loss of Nna1 function in pcd mice leads to microtubules hyperglutamylation (Berezniuk et al. 2012; Rogowski et al. 2010) . We investigated the expression of polyglutamylated tubulin by western blotting in the cerebellar homogenate at P20 and found an approximately twofold increase in polyglutamylated tubulin in Nna1 KO mice compared with wild-type mice (Fig. 6a) . Since autophagy was reported to be induced in the pcd mice (Berezniuk and Fricker 2010; Chakrabarti et al. 2009 ), we investigated autophagy markers, LC3A/B-II and p62 (Kabeya et al. 2000; Ichimura et al. 2013) by western blotting using cerebellar homogenate of wild-type and Nna1 KO mice at 3-week-old. LC3A/B-II and p62, indicators of autophagy, were not changed between wild-type cerebella and those of the Nna1 KO mice (Fig. 6b) , showing induction of autophagy is not detected by western blotting at this stage. It had been also reported that an endoplasmic reticulum (ER) stress marker, CHOP is induced in PCs of the pcd mice (Kyuhou et al. 2006) . We then examined CHOP expression by ISH in 3-week-old Nna1 KO cerebellum. CHOP-positive cells were identified in the PC layer in a scattered pattern (Fig. 6c) . Our data are consistent to previous reports that several proteins, including CHOP and caspase-12 are involved in ER stress-induced apoptosis (Joo et al. 2015; Kyuhou et al. 2006; Rao et al. 2001; Tajiri et al. 2004; Zhao et al. 2005) .
Histological analyses on the male reproductive organs of Nna1 KO mice Defect in spermatogenesis is reported in the pcd mice, which results in male infertility (Mullen et al. 1976; Zhou et al. 2006) . H&E staining showed almost complete lack of mature sperms is observed in the seminiferous tubules and epididymis of Nna1 KO mice at 7-week-old ( Fig. S6a-d ). There were also cleaved caspase-3-positive cells near the basement membrane of seminiferous tubules in the Nna1 KO mice at both 7-week-old and 12-week-old ( Fig. S6e-h ).
Discussion
In this study, we generated a floxed Nna1 mouse line, which is suitable for loss-of-function experiments after Cre recombination. This Nna1 fl allele enables conditional KO experiments to investigate the cell-type specific Nna1 function. It is also useful to analyze the cell-autonomous and non-cellautonomous mechanisms of Nna1 during neuronal cell death, such as PCs, granule cells and neurons in cerebellar nucleus and inferior olive nucleus. What kinds of cellular processes are involved in the activation of the apoptotic pathway in the Nna1 KO cerebellum? Since Nna1 has de-glutamatase enzymatic activity, we detected increased levels of polyglutamylated tubulin in the Nna1 KO cerebellum at P20 (Fig. 6a) . Polyglutamylation of a-tubulin was first reported in 1990 (Edd e et al. 1990 ). Later, it was shown that polyglutamylated a-tubulin and b-tubulin accumulate in neuronal cultures and in the brain during development (Fukushima et al. 2009 ). Lentivirus-mediated knockdown experiments of TTLL1 gene, which encodes an enzyme to elongate polyglutamate in tubulin, increased the survival of PCs in the cerebellum of pcd mice (Rogowski et al. 2010) . Polyglutamylation regulates the binding and activity of some microtubule-associated proteins and kinesins (Janke et al. 2008) . Since several neuronal microtubule-associated proteins and kinesins bind preferentially to polyglutamylated tubulin (Janke and Kneussel 2010) , it is possible that the loss of Nna1 gene affects the integrity of the tubulin network and axonal transport, which may cause a deficiency in protein transport and ER stress followed by the activation of mitochondrial apoptotic pathway (Muñoz-Castañeda et al. 2018) . It is possible that PC is more vulnerable and that they are long projecting neurons with complex dendritic trees, which require bulk axonal and dendritic transport demanding more metabolic energy. Although cleaved-caspase-3-positive PCs, granule cells and inferior olivary neurons were observed in pcd mice (Fig. 4c-f , Wang and Morgan 2007; Zhou et al. 2006) , it is worth to point out that activation of caspase-3 signaling in neuron is not only for apoptosis (D'Amelio et al. 2010) . Electron microscopy analysis showed typical apoptotic morphology (apoptotic bodies) in dying granule cells in the pcd cerebellum (Zhou et al. 2006 ). There were many remaining PCs in lobule X at 4-5 week-old compared with other lobules. A similar pattern of PC degeneration was also reported in other rodent models of neurological disease, such as the sharker rat (Tolbert et al. 1995) and Niemann-Pick type C model mice (Ko et al. 2005) . It remains unknown why PCs in lobule X are resistant to cell death. In addition to PC death in the cerebellum of pcd mice, secondary neuronal degeneration caused by primary PC degeneration is thought to occur in granule cells (Wang and Morgan 2007; Zhou et al. 2006 ) and the neurons of deep nuclear cells (Roffler-Tarlov et al. 1979 ) and the inferior olivary complex (Ghetti et al. 1987) . Since Nna1 is also expressed in these late-degenerating neurons (FernandezGonzalez et al. 2002) , it can be tested whether granule cell death is cell-autonomous or non-cell-autonomous by generating granule cell specific Nna1 cKO mice. In addition to the cerebellum, neurodegeneration was also observed in the other CNS regions of pcd mice, which is a subset of thalamic neurons between P50 and P60 (O'Gorman 1985) , mitral cells Fig. 6 Expression of polyglutamylated tubulin, autophagy markers, and endoplasmic reticulum (ER)-stress markers in the cerebellum of Nna1 KO mice. (a) Western blot analysis with anti-polyglutamylated tubulin antibody using cerebellar homogenate from wild-type (lanes 1 to 3), and Nna1 KO (lanes 4 to 6) at P20 (n = 3 animals in each genotype). Significantly increased level of polyglutamylated tubulin was detected in the Nna1 KO cerebellum homogenate (right panel, *p < 0.05). Fold represents comparative levels over control after normalizing with btubulin control. (b) Western blot analysis with anti-LC3A/B antibody and anti-p62 antibody, using cerebellum homogenates from wild-type (lanes 1 to 3), and Nna1 KO (lanes 4 to 6) at P20 (n = 3 animals in each genotype). Normalization was performed with GAPDH control. (c) ER-stress marker, CHOP in situ hybridization (ISH) was performed in wild-type mice and Nna1 KO mice (n = 3 animals in each genotype). CHOP was induced in the PCs of Nna1 KO cerebellum at 3-week-old (arrowheads). It is notable that there are more PCs in the lobule X compared with the lobule IX in the KO mice. Sections were counter-stained with nuclear fast red. Scale bars: 50 lm.
CHOP
in the olfactory bulb (Greer and Shepherd 1982; Valero et al. 2006) , and retinal photoreceptor cells. These retinal neurons are lost by~50% between 3 and 5 weeks old and continue to be lost over an additional 1 year period (LaVail et al. 1982; Marchena et al. 2011) . In addition to the CNS, the testis is also affected in the pcd mice. Male pcd mice are sterile with low sperm counts and decreased sperm motility (Mullen et al. 1976) . Nna1 plays an important role in spermatogenesis (Kim et al. 2011) . The Nna1 fl allele is essential for analyses of Nna1 functions in multiple organs. with the ARRIVE guidelines. The transgenic animal and custom made antibody will be provided to other scientists upon reasonable request. COI: HT is a handling editor of Journal of Neurochemistry. All other authors have no conflict of interest to declare.
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